Aging increases and caloric restriction (CR) decreases morbidity and mortality associated with the cardiovascular system. Using Affymetrix microarrays, we identified changes in heart gene expression induced by aging and CR in male mice. Eight weeks of CR (CR8) reproduced 19% of the long-term CR (LTCR)-related expression changes. Because CR8 begins to extend the life span of these mice, these genes may be keys to its cardioprotective effects. CR8 and LTCR changed gene expression in a manner consistent with reduced remodeling and fibrosis, and enhanced contractility and energy production via lipid b-oxidation. Molecular and histochemical studies indicated that CR reduced natriuretic peptide precursor type B and collagen expression, and reduced perivascular collagen deposition. We found smaller cardiomyocytes in the left ventricle of old-LTCR mice, suggesting reduced age-related cell death. Eight weeks of control feeding returned 97% of the LTCR-responsive genes to control expression levels. Thus, key CRinduced effects are rapidly responsive to diet, suggesting reduced caloric intake has rapid, positive effects on the heart.
H
EART failure is the major cause of hospitalization, disability, and death in people more than 65 years old in the United States (1) . Aging impairs cardiovascular capacity, contractility, and diastolic and systolic function (2) . Aging is intimately associated with the development of diseases such as arterial hypertension and atherosclerosis. Each of these can modify myocardial structure and function. However, myocardial senescence remains poorly defined at the cellular and molecular level.
Mice are not generally used as models for cardiac aging. As a result, there is less known about cardiac changes with age in the mouse than is known in rats and humans. However, mice develop cardiomyopathy with age. For example, approximately 40% of male C57BL/6 mice develop cardiomyopathy by 1000 days of age (3) . Accordingly, aging produces extensive changes in cardiac gene expression in mice [(4) and see below]. In rats and humans, three major age-associated changes markedly affect myocardial performance. First, myocardial fibrosis, a hallmark of cardiac aging in both humans and rats, is initiated by cellular necrosis and apoptosis (5, 6) . Cell death appears to induce reparative interstitial and perivascular collagen deposition, which plays a key role in the development of fibrosis in aged human and rodent hearts (7) . Fibrosis decreases cardiac distensibility and increases diastolic pressure, impairing coronary hemodynamics and lowering coronary reserve (8, 9) . Second, the agerelated decline in the number of cardiomyocytes with age is followed by compensatory myocyte hypertrophy (10, 11) . This remodeling leads to left ventricular hypertrophy, the most common cardiac manifestation of aging (12) . Remodeling necessitates increased atrial and ventricular filling pressure. Third, age-related impairment in mitochondrial bioenergetics appears to contribute to myocardial stiffness, apoptosis, atrophy, and compensatory hypertrophy (13, 14) . Thus, these age-related changes to the heart appear to underlie age-related cardiac arrhythmias, dysfunction, and failure.
Caloric restriction (CR), undernutrition without malnutrition, is the most robust nutritional means of extending life span (15) (16) (17) . We have shown that in older mice, CR begins within 2 months to reduce morbidity and mortality and to extend life span (15) . CR is known to be a highly effective means of reducing the incidence and increasing the mean age of onset of cardiovascular diseases (18) . However, there are few published studies of the effects of CR on the biochemistry or molecular biology of the heart. Further, we know of no studies of the transition of the heart to and from the CR state. Understanding the effects of initiating CR on the heart is crucial. Many of the pathologies and contributing factors associated with cardiovascular disease, such as diabetes, can be rapidly ameliorated by weight loss. However, the molecular mechanisms responsible for these effects are poorly understood. Here we report the microarray studies of the heart after shifts of old control mice to CR, and old CR mice to control feeding. We also report related molecular and immunohistochemical studies. These results show that the initiation and withdrawal of CR rapidly alters the expression of genes associated with myocardial fibrosis, tissue remodeling, and hemodynamic stress. We also report that long-term CR (LTCR) reduce perivascular collagen A separate cohort of male B6C3F1 mice were fed mouse chow and tap water ad libitum after weaning, and were maintained as described (19) . At 1 month of age, they were assigned to a young control group fed 93 kcal/week control diet (young-LTCON) or a young CR group (young-LTCR) fed 77 kcal of CR diet for 2 weeks and 52.2 kcal for 5.5 months ( Figure 1B ). Both groups were 7 months old when killed by cervical dislocation. All mice were fasted 48 hours before killing (n ¼ 4).
Mouse weights at death were: young-LTCR, 26.65 6 0.71 g (standard deviation); young-LTCON, 41.35 6 0.66 g; old-LTCR, 22.1 6 2.6 g; old-LTCON, 34.7 6 4.4 g; CR8, 29.3 6 2.8 g; CON8, 29.2 g 6 1.8 g. Hearts were excised rapidly, rinsed in phosphate-buffered saline, examined for signs of pathology, and flash frozen in liquid nitrogen. The other organs were examined visually for signs of pathology. No pathology was detected in the animals used. All animal use protocols were approved by the Institutional Animal Use Committee of the University of California, Riverside.
Microarray Measurement of Gene Expression
Heart total RNA was isolated as described (20) . Copy RNA (cRNA) hybridization intensity for each mouse was Figure 1 . Study design. A, Mice were randomly assigned to one of two groups at 7 months of age, long-term control (LTCON) or long-term caloric restriction (LTCR). Cohorts of LTCR and LTCON mice were maintained on the diets. At 29 months of age, a cohort of LTCON mice were shifted to CR for 8 weeks (CR8), and a cohort of LTCR mice were shifted to control feeding for 8 weeks (CON8). All mice were killed at 31 months of age. B, Other cohorts of mice were shifted from a chow diet at 1 month of age to either a control or CR diet and killed at 7 months of age. See Methods for details. measured using an Affymetrix mouse U74Av2 array according to standard Affymetrix protocols (Affymetrix, Santa Clara, CA; 19). One array was used for heart RNA purified from each of 24 mice, 4 mice from each experimental group (old-LTCR, old-LTCON, old-CR8, old-CON8, young-LTCR, and young-LTCON).
Data Analysis
Image analysis was performed as described (19) . Image files were converted to probe set data (*.CEL files) using Microarray Suite (MAS 5.0; Figure 2 ). Probe set data from all 24 arrays were analyzed simultaneously with the Robust Multichip Average method to generate normalized expression measures for each probe set (21) . The data were further filtered to exclude probe data sets that were ''Absent'' across all 24 arrays according to the MAS 5.0 Wilcoxon signed rank test (22) . There were 6451 genes which passed these criteria. All gene names were obtained from the LocusLink and/or Affymetrix databases as of August 2005.
Using data from young-LTCON, young-LTCR, old-LTCON, and old-LTCR mice, we performed two-way analysis of variance (ANOVA) in which mRNA levels were considered to be a function of age only, diet only, or both age and diet ( Figure 2 ). We used a parametric test that assumed equal variance and a multiple testing correction based on the Benjamini and Hochberg False Discovery Rate (GeneSpring 6.1; Silicon Genetics, Redwood, CA). The ANOVA was based on the model:
where l is the overall mean intensity value of gene expression that is common to all samples; A i is the effect of the i th age (young and old); D j is the effect of the j th diet (CON and LTCR); (A 3 D) ij is the interaction between age and diet; and e ijk is the stochastic error. The term y ijk represents the observed value of gene expression for the k th replicate of the i th age under j th diet. An interaction between age and diet would indicate that the effect of diet on gene expression is conditional on age. The fold change was calculated as follows: For an age only effect ( (or À 2 jD1ÀD2j ). The estimation of fold change was based on (young-LTCR þ old-LTCR) versus (young-LTCON þ old-LTCON) because age does not affect these genes (A i ¼0) and there is no interaction between age and diet ((A 3 D) j ¼ 0). When both age and diet affect gene expression but with no interaction (D j 6 ¼ 0, A i 6 ¼ 0, (A 3 D) j ¼ 0), the fold change is Figure 2 . Data normalization and analysis. Affymetrix data were normalized and the data reduced using Microarray Suite (MAS) 5.0 and Robust Multichip Average (RMA). After normalization and data reduction, data from the young-and old-long-term caloric restriction (LTCR) and control groups were examined using analysis of variance (ANOVA) to determine the effects of age, diet, and their interaction. The normalized reduced data were also subjected to multiclass Significant Analyses for Microarray (SAM), followed by a two-class unpaired SAM to determine the effects of dietary shifts. These analyses produced two intersecting sets of genes changed in expression by LTCR (Venn diagram). The number of genes in each set is shown in parenthesis. LTCON ¼ long-term control; CR8 ¼ 8 weeks of CR; CON8 ¼ LTCR mice shifted to control feeding for 8 weeks.
estimated by 2 jD1ÀD2þA1ÀA2j (or À2 jD1ÀD2þA1ÀA2j ). This estimation has to be based on young-LTCON versus old-LTCR, otherwise we can not detect the combined effect of both age and LTCR. When there is an interaction between the effects of diet and age (we identified only nine such genes in our study), the fold change resulting from the interaction has to be based on old-LTCR versus young-LTCON and is estimated by 2 jD1ÀD2þA1ÀA2þ(D3A)11À(D3A)22j
(or À2 jD1ÀD2þA1ÀA2þ(D3A)11À(D3A)22j ). However, if we want to know the effect of age on these nine genes we must use the old-LTCON versus young-LTCON and not (old-LTCR þ old-LTCON) versus (young-LTCON þ young-LTCR) because of the interaction. Similarly, the effect of LTCR in old (or in young) for the nine genes is estimated from old-LTCR versus old-LTCON (or young-LTCR vs young-LTCON).
To resolve the effects of dietary shifts on gene expression, normalized and filtered data from the old-LTCON, old-LTCR, CR8, and CON8 groups were subjected to multiclass Significant Analyses for Microarray (SAM; 23). We used a median False Discovery Rate of less than 5.0%. To identify differentially expressed genes, the output also was subjected to two-class unpaired SAM. This is a nonparametric analysis.
Microarray Data Validation
Nine of the genes that changed expression with LTCR according to both the ANOVA and SAM were re-examined by real-time, two-step reverse transcription-polymerase chain reaction (qPCR) using a QuantiTect SYBR Green PCR kit (Qiagen, Hilden, Germany) and an ABI PRISM 7700 Sequence Detection System (Applied Biosystems, Foster City, CA). Primers were designed using the Netaffx analysis center, and PCR products were sequenced and verified against the public database. Primer sequences are shown in Supplementary 
Western Blot Analysis
Protein (;25 mg) was extracted from the tip of the left ventricle as described (24) . Aliquots (15 lg) were separated on 6% sodium dodecyl sulfate-polyacrylamide gels, transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA), stained with Ponceau S for data normalization, and incubated for 2 hours with primary rabbit anti-collagen types I or III antibody (Rockland Labs, Gilbertsville, PA). Washed blots were incubated for 1 hour with horseradish peroxidase-labeled goat anti-rabbit immunoglobulin G (Santa Cruz Biotechnology, Santa Cruz, CA), and bands were detected with an enhanced chemiluminescence (ECL) kit (Amersham Biosciences, Piscataway, NJ).
Histology and Immunohistochemistry
Ring sections (5 lm) of myocardial tissue were fixed in Bouin's solution, paraffin embedded, and sectioned using standard techniques. Sections were stained with 0.1% Sirius red F3BA (Aldrich Chemical Co, Milwaukee, WI) as described (25) . Nuclei were counterstained with hematoxylin. Collagen types were resolved with Polaroid filters (26) . Antigen retrieval was performed with 0.1% pepsin in 0.5 M acetic acid. Sections were layered with either rabbit anticollagen types I or III (Rockland Laboratories), or control normal rabbit immunoglobulin (Dako, Carpinteria, CA) and visualized with a Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA). The average cross-sectional area of cardiomyocytes from LTCR and LTCON mice was quantified in arbitrary units by printing digital images of the cardiomyocytes from individuals in each group at identical magnifications, cutting out cell images from each print, weighing the cutouts, and averaging the weights. The statistical significance of the difference in the weights A, Effects of age, diet, and their interaction determined by analysis of variance (ANOVA). Nine hundred ninety-two genes were affected only by age, 20 genes only by long-term caloric restriction (LTCR), and 74 genes independently by age and CR. There was evidence of an interaction between age and diet for only 10 genes. B, Intersection of the 100 LTCR-responsive genes found by ANOVA (solid circles) and the 106 found by Significant Analyses for Microarray (dotdashed circle) was 53 genes. Of these genes, most were independently affected by age and diet (49 genes).
between the groups was determined using a two-sample t test (n ¼ 10 cell images per group).
RESULTS AND DISCUSSION

Effects of Age, LTCR, and Their Interaction on Gene Expression
Six statistical categories of expressed genes were identified using two-way ANOVA ( Figure 2 , left side; Figure 3A ). Of these, 1075 genes changed expression with age and 100 genes changed expression with LTCR (Supplementary Tables 2-7) . Seventy-four genes were affected independently by age and diet ( Figure 3A ; Supplementary Table 3) . LTCR reversed the age-related change in the expression of 47 of these 74 genes (Supplementary Table 3 ). Twenty genes changed expression only with LTCR ( Figure 3A ; Supplementary Table 4 ). The effects of CR were dependent on age for five genes ( Figure  3A ; Supplementary Table 5) . Thus, LTCR affected the expression of only 79 of the 1075 age-responsive genes (74 plus 5; Figure 3A ).
The effects of LTCR on cardiac gene expression were largely age-independent ( Figure 3 ; Supplementary Tables  5-7) . The heart genes which were LTCR-responsive in young mice were a subset of the heart genes that were LTCR responsive in old mice. Because CR appears to be equally effective regardless of age, these genes may be key to its health and longevity effects (15, 16) .
Effects of Shifts in Caloric Intake on Gene Expression
Effects of short-term CR on gene expression.-SAM identified 106 LTCR-responsive genes (Figures 2 right side, 3B, and 4; Table 2 ). Twenty of these genes changed expression after only 8 weeks of CR (19%; Figure 4 ; Table  2 ). Because CR8 begins to extend the life span of mice and delay the onset of age-related diseases, the gene expression changes induced by CR8 may be most germane to the cardioprotective benefits of CR (15) .
Dissipation of the effects of LTCR.-Shifting LTCR mice to control feeding for 8 weeks (CON8) returned 103 of the 106 LTCR-responsive transcripts to control expression levels (97%; Figure 4 , Table 2 ). These results are similar to those found in liver, suggesting that most LTCRresponsive genes can react rapidly to diet (15) . Shifts to and from CR in Drosophila result in rapid changes in the short-term risk of death (16) . Thus, rapid mechanisms of lifespan extension exist in at least two widely divergent species.
Comparison of LTCR-Responsive Genes Determined by ANOVA and SAM
ANOVA and SAM identified overlapping sets of LTCRresponsive genes ( Figure 2 , center bottom; Figure 3B ). The identification of such nonidentical, overlapping sets is common when different methods of data analysis are used (27) . ANOVA and SAM produce nonidentical lists in part because they measure different parameters, make different assumptions about the underlying data, and use different subsets of the data to generate the gene lists. Both analyses appear to have identified authentically changed genes. We confirmed the changes in gene expression of nine found genes in both sets using qPCR ( Figure 5 ).
Functional Classification of CR-Responsive Genes
Consistent with the ability of LTCR and short-term CR to ameliorate risk factors associated with cardiac aging (28, 29) , CR had major effects on genes associated with fibrosis and tissue remodeling, in addition to other key physiological aspects of aging. These included reduced expression of genes with key roles in extracellular matrix and cytoskeletal structure and dynamics, cell motility, inflammation, increased peroxisome proliferator-activated receptor a (PPARa) signal transduction, and fatty acid metabolism (Table 2 ). We will discuss these changes further below.
Fibrosis and Ventricular Remodeling
Myocardial collagen and extracellular matrix expression and accumulation increase with age, contributing to increased fibrosis, myocardial stiffness, diastolic pressure, and heart failure. We detected gene expression, molecular, and immunohistochemical changes in CR mice consistent with reduced cardiac fibrosis and remodeling. LTCR and CR8 inhibited the expression of the collagen genes Col1a1 (procollagen, type I, a1), Col1a2 (procollagen, type I, a2), Col3a1 (procollagen, type III, a1), and Col5a1 (procollagen, type V, a1; Table 2 ). Col6a3 (procollagen, type VI, a3) expression also was reduced by LTCR. We confirmed the decrease in the expression of Col1a2 and Col3a1 in LTCR and CR8 mice by using qPCR (Figures 5 and 6 ). Using western blots of protein extracted from left ventricles of old mice, we found that LTCR reduced steady-state collagen I and III protein levels in the left ventricle of old mice by ;50% (Figure 7 ). Histochemical staining with Picrosirius red revealed that perivascular collagen deposition was much reduced in the left ventricle of old mice ( Figure 8, A and B) . Using polarization microscopy to resolve types I and III collagen, we found that deposition of both collagen types was reduced (Figure 8, C and D) .
Perivascular collagen is primarily type I, which is less distensible than type III. For this reason, reduced deposition of type I collagen in the perivascular space of CR mice is consistent with greater elasticity and less perivascular fibrosis. In addition, LTCR, and in most cases CR8, reduced transcripts for other key extracellular matrix and celladhesion-related proteins (Cpxm2, Tnxb, Crtap, Lgals1, Fbn1, and Ifitm3; Table 2 ). These changes suggest that CR reduced the expression and deposition of many adhesion and extracellular matrix proteins. As discussed above, these effects should lead to reduced cardiac stiffness, cardiac and perivascular fibrosis, and hemodynamic stress.
Vascular wall stress stimulates interstitial fibroblasts to secrete collagen and other extracellular components. Thus, by directly preventing the overexpression of these genes, CR should reduce hemodynamic stress. CR also may reduce hemodynamic stress by reducing the expression of atrial natriuretic peptide precursor type B (Nppb; Table 2 ). Nppb has diuretic, natriuretic, and vasodilatory activities. This hormone, which is produced mainly by the ventricles, is a sensitive and specific marker of ventricular pathology (30) . Nppb expression increases with congestive heart failure in animal models and humans (31, 32) . Aging increased murine Nppb expression, extending results found for rats (Table 1 ) (33) . LTCR and CR8 decreased Nppb expression (Table 2; Figure 6 ). This finding suggests that CR acts in at least two ways to reduce cardiac fibrosis, cardiomyocyte loss, and tissue remodeling-by inhibiting both extracellular matrix and Nppb expression.
LTCR and in some instances CR8 also downregulated the transcripts for Prkwnk1 (also called Wnk1), Dscr1 (calcipressin 1), and Serpina3n (Table 2 ). Together these effects are consistent with rapidly reduced blood pressure in CR mice. Mutations in the Prkwnk1 protein kinase which increase its expression are implicated in a familial form of hypertension (34) . Mutational inactivation of Dscr1, a protein phosphatase, decreases stress-induced cardiac hypertrophy. Serpina3n inhibits neutrophil cathepsin G and mast-cell chymase, which convert angiotensin I to II, resulting in vasoconstriction, fluid retention, and increased blood pressure. The rapid response of the genes discussed above to CR8 is accordant with the effects of low-calorie diets on blood pressure in monkeys and humans (29, 35, 36) .
In accord with the interpretation of the expression data Figure 6 . Quantification of procollagen, type I, a2 (Col1a2; A), procollagen, type III, a1 (Col3a1; B), and natriuretic peptide precursor type B (Nppb; C) expression by microarrays and real-time, two-step reverse transcriptionpolymerase chain reaction using a QuantiTect SYBR Green PCR kit (qPCR). Solid bars, ratios of the means measured by qPCR. Open bars, fold change from the microarray data analysis. CR8 ¼ 8 weeks of caloric restriction; LTCR ¼ long-term CR; CON8 ¼ LTCR mice shifted to control feeding for 8 weeks.
described above, cardiomyocytes on the outer part of the left ventricular wall of LTCR mice were smaller than those from control mice ( Figure 8E and F) . The cross-sectional area of cardiomyocytes from LTCON mice (59.5 6 10.2 arbitrary units) was on average 1.8-fold larger than that of LTCR mice (33.9 6 12.8 arbitrary units; p , .001). The number of cardiomyocytes declines significantly with age in both rats and humans (10) . During aging, myocyte death from hemodynamic stress leads to myocardial atrophy, followed by compensatory hypertrophy of the remaining cardiac myocytes. These changes result in the accumulation of larger, older cardiomyocytes. These older cells respond poorly to growth stimuli, and undergo higher rates of necrosis and apoptosis. Thus, the presence of smaller cardiomyocytes in LTCR mice is consistent with the maintenance of functionally younger, healthier cardiomyocytes (37) . This result is consistent with the reduced tissue remodeling in LTCR mice.
Enhanced cytoskeletal dynamics and nonmyocyte cell division are also key features of ventricular remodeling. LTCR and in some instances CR8 increased the expression of the antiproliferation-associated genes Cdkn1a (cyclindependent kinase inhibitor 1A; also called Waf1/p21Cip1), the expression of which is associated with p53-induced cell cycle arrest in cardiomyocytes; Sesn1 (sestrin 1), a growth arrest inducible, p53 binding protein; Btg3, which induces growth arrest by indirectly stabilizing p53; and Ndrg4 (also called Smap8), which reduces the proliferation and migration of aortic smooth muscle cells. LTCR and CR8 decreased the expression of the proliferation-associated genes Mapk1 (mitogen-activated protein kinase 1, also called ERK), which activates growth-related transcription factors, leading to cardiac hypertrophy; and Rps6ka2, which is a terminal kinase in the Mapk1 pathway which phosphorylates ribosomal protein S6, and thereby enhances the translation of cell-growth and division-related mRNA. Elevated expression of this gene is linked to cardiovascular disease (38, 39) . Together, these results suggest that CR increases antiproliferative (and decreases proliferative) gene expression in the heart, reducing remodeling.
LTCR and in some instances CR8 also downregulated eight genes involved in cytoskeleton organization and structure (Ly6a 
Signal Transduction
Age-related impairment in mitochondrial energy generation may contribute to age-related myocardial stiffness, apoptosis, atrophy, and compensatory hypertrophy. Because myocardial energy reserves are limited, a constant supply of high-energy phosphates is required (13) . b-oxidation of fatty acids provides 40%-50% of the acetyl-coenzyme A (CoA) produced by the heart (40). However, the capacity for fatty 8) . B and C, Densitometric quantification of collagen type I and type III protein levels from the blots shown in A. Data were normalized using Ponceau S staining. The data are the means 6 standard error of the mean. The difference in protein levels was significant (*p , .05, **p , .01). acid oxidation is reduced by aging (41, 42) . PPARa is a lipidactivated transcription factor which regulates the expression of many of the key genes mediating fatty acid b-oxidation. It is thereby a key regulator of energy homeostasis in the heart (14) . Levels of PPARa are reduced in the heart during aging (42) . Decreased PPARa expression is a likely cause of reduced fatty acid utilization during hypertrophy in failing human hearts (43) . We found that LTCR upregulated PPARa and decreased rev-erbAa transcripts. Rev-erbAa antagonizes transactivation by PPARa (44) . Thus, PPARa expression and activity are likely upregulated in the heart by CR, suggesting that CR acts directly at the level of transcription to enhance fatty acid b-oxidation.
Concordant with this result, LTCR increased the expression of two genes which are upregulated by PPARa signaling in the heart, Lp1 (lipoprotein lipase) and Cte1 (a cytosolic acyl-CoA thioesterase; 45, 46) . Lipoprotein lipase liberates free fatty acids from circulating triglyceride-rich lipoproteins, which are considered a principal energy source for the heart. Cte1 catalyzes the hydrolysis of acyl-CoA thioesters to free fatty acids and CoA.
CR altered the expression of other cardioprotective signal transduction systems. LTCR upregulated Adcy6, an adenylate cyclase preferentially expressed in cardiac myocytes.
LTCR negatively regulated Pkia (protein kinase inhibitor a), an inhibitor of cyclic adenosine monophosphate-dependent protein kinase A. Adcy6 overexpression enhances left ventricular contractile function, and improves survival in murine cardiomyopathy (47, 48) . Increased intracellular cyclic adenosine monophosphate levels activate protein kinase A, leading to enhanced cardiac contractility. LTCR and CR8 also downregulated Gprk5, major cardiomyocyte G protein-coupled receptor kinase, overexpression of which impairs myocardial function and is associated with hypertension and postinfarction failure (49) .
Immune Response and Inflammation
PPARa agonists reduce inflammation and the formation of atherosclerotic lesions, even in the absence of their lipoprotein-lowering effects (14, 50, 51) . In accord with its enhancement of PPARa expression, LTCR negatively regulated the expression of inflammation-related genes (C1qb, C1qg, Serping1, H2-Aa, H2-K2, Klra9, and Ii). It also reduced the expression of at least six interferoninducible genes (Ifitm3, Ifi205, Ifi16, H2-Aa, H2-K2, and Ii), suggesting reduced interferon levels. Downregulation of these genes is consistent with the systemic decrease in inflammation observed in CR rodents. Reduced systemic inflammation may be the source of the decreased cardiovascular disease found in CR animals and humans (29) .
Age Effects on Gene Expression
Aging was accompanied by the overexpression of genes associated with impaired cardiac function and cardiovascular disease. Aging increased the expression of genes encoding sarcomeric (Myh7, Myl2, and Mybpc3) and cytoskeletal (Actb and Cfl1) proteins (Table 1) . Cardiac hypertrophy is associated with overexpression of sarcomeric proteins (52) . Aging decreased the expression of Itgb1 and Timp3, and increased the expression of Bgn. These genes are keys to remodeling of the collagen matrix. Disregulation of matrix remodeling is a causal factor in heart failure (53) .
Aging decreased the expression of a mix of positive (Fgf1, Vegfa, Tek, Kitl, Sept7, Orc4l, and Mtm1; Table 1 ) and negative (Gas5, Tob1, Ppp1cb, and Ccng1) regulators of cell division and growth, and altered the expression of a mix of proapoptotic (Pdcd8 and Bnip3l) and antiapoptotic (Bag1, Atp6v1g1, and Atp6v1c1) factors. These effects support the observation that the aging myocardium is a site of both myocyte death and cell division (54) .
Aging also altered the expression of genes involved in histone acetylation and deacetylation (Hdac2, Chd4, Mxi1, Morf412, Cited2, Cri1, and Pcaf; Table 1 ). The importance of Sir2, a histone deacetylase, in the replicative life span of yeast and life span of nematodes suggests that these effects may be significant (55) . Aging decreased the expression of 12 genes of the ubiquitin-proteasome system, possibly indicating decreased protein turnover in older myocytes ( Table 1) .
Similarities of Our Results to Those in Other Reports
A recent microarray study (56) found gene expression changes consistent with preserved fatty acid metabolism, reduced DNA damage, decreased immune activity, modulation of apoptosis, and reorganization of the cytoskeleton. A small number of other studies (57) (58) (59) (60) (61) have investigated the effects of LT-CR on the heart. Even fewer studies (62) (63) (64) have examined the effects of the onset of CR on cardiac physiology and biochemistry.
Our studies differed from other published studies in the use of a young CR group, and groups subjected to shortterm shifts in dietary calories. This allowed a more robust analysis of the effects of CR on cardiac gene expression. Our results are novel. Of the age-related changes that we found in gene expression, only 15 have been reported Notes: *Fold change (FC) is the mean of messenger RNA (mRNA) in old divided by the mean in young (n ¼ 8).
y p values were generated by two-way analysis of variance (ANOVA) using multiple testing correction based on the Benjamini and Hochberg False Discovery Rate. Shown are p , .01. Table 8 ) (56) . Of the 152 LTCRrelated changes that we found in gene expression (Figure 2 ), just 33 (of 831 changes reported by others) had been found previously (Supplementary Table 9 ) (56). We did not find CR-related changes consistent with reduced endogenous DNA damage (56) . The dissimilarities between our results and those of others may be due to the use of different analytical techniques. Nonidentical overlapping sets of genes are commonly identified using alternative methods of data analysis, even using identical data sets (27) . The Robust Multichip Average analysis, SAM, and ANOVA used here are conservative, widely utilized, and accepted. It is possible that the genes reported by others were altered, but were not statistically significant in our analysis. We verified nine gene changes of nine randomly chosen changed genes using qPCR. Thus, the changed genes reported here likely represent true positives.
Conclusion
Long-term CR affected few of the many genes changed by aging, suggesting that most of these genes are not involved in the cardioprotective effects of CR. In contrast, CR8, which decreases age-associated mortality and increases life span, reproduced 19% of the LTCR-responsive changes in gene expression found using SAM. Eight weeks of control feeding returned 97% of the LTCR-responsive genes to control levels. Thus, genes which change expression with LTCR respond rapidly to caloric intake, consistent with the idea that CR produces important effects on the heart by rapidly shifting gene expression toward a state of reduced cardiac remodeling and fibrosis and enhanced contractility and energy generation via lipid b-oxidation. Notes: *Multiclass q value is the lowest False Discovery Rate at which a change in gene expression is statistically significant. It is similar to a p value, but is adapted for the simultaneous analysis of large gene sets using SAM. Values were generated by multiclass SAM of the old-long-term control (LTCON), old-long-term calorie-restricted (LTCR), 8 weeks of CR (CR8), and LTCR mice shifted to control feeding for 8 weeks (CON8) groups. 
